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ABSTRACT

Bipolar nickel-cadmium batteries were designed, built,

and tested for possible use as capacitive filter elements in !

pulsed power applications. Electrodes were made by elec-

trochemically impregnating sintered sides of nickel cell

walls. Four-cell batteries were constructed by compressing

the electrodes together with Teflon seals. A computer con-

trolled test circuit charged and discharged the test bat-

teries at frequencies of 1 to 50 Hertz and at depths of

discharge of less than one percent. A special test battery

was constructed with a removeable cadmium electrode for scan-

ning electron microscope study. Battery energy density,

effective capacitance, and efficiency were investigated as a

function of current load or depth of discharge, cycle rate,

and end of discharge voltage. Energy densities of nearly 75

joules per pound were demonstrated. Current loads of up to a

100 C-rate were demonstrated and an average capacitance of 6

farads was achieved. Cadmium electrode morphology was photo-

graphed and studied as a function of the charge and discharge

cycle life with no crystalline anamolies discovered. Sinter

corrosion, nickel electrode overcharging, and individual cell

voltage imbalances were discovered as areas for further study. ]
ix' (

ix"'"
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Study of Bipolar Nickel-Cadmium Batteries as

Pulsed Load Filters

I. Introduction

Background

Recent space endeavors requiring increased power have

accentuated the need for lighter power sources which can

operate reliably for extended periods of time. Spacecraft

power systems account for typically one third of the total

weight of a satellite with capacitive filters a significant

part of the power system weight (1:250). These filters

provide high load current pulses that reduce the peak demand

on the power source. Space planners have recognized the need

for innovative and significant advances in the space power

systems of the near future to keep pace with the advancing

technology of spacecraft subsystems (1,2). One such inno-

vative idea is to use batteries, instead of capacitors, as

pulsed load filters.

Batteries have a demonstrated capability to provide

higher energy densities than the capacitors currently used

in space power systems (3:59). This increased energy densi-

ty can be translated into a direct weight reduction of the

power source. Recent investigations have been made at the

Aerospace Power Division, Aero Propulsion Laboratory, Air

/ Force Wright Aeronautical Laboratories, Wright-Patterson

-, 1



AFB, Ohio into the use of nickel-cadmium (Ni-Cd) batteries

as filter elements for pulsed loads. D.C. Stumpff and W.S.

Bishop demonstrated a ten-fold increase in energy density

over capacitors using typical Ni-Cd aircraft batteries in

1982 (4). A cycle life of 10 million charge/discharge C

cycles was achieved at an energy density of 5.4 joules per

pound. Cimino and Gearing continued this investigation, in

1984, through an Air Force Institute of Technology thesis

sponsored by the Aero Propulsion Laboratory (5). They con-

structed a pseudo bipolar Ni-Cd battery in an attempt to

optimize the capacitive efficiency of the battery. Energy

density, cycle life, and electrode characteristics were

investigated. They concluded that the bipolar design signi-

ficantly increased the available energy density and success-

fully cycled their batteries for 10 million cycles with an

equivalent energy density of 14 joules per pound. However#

they had difficulty monitoring and adjusting their batteries

during testing and suggested a computer controlled test

network would enhance any further investigations.

In this study, a true bipolar battery was constructed

for testing. A bipolar battery is one in which the normal-

ly separate positive and negative electrodes are combined on

opposite sides of a single conducting substrate. The sub-

strate acts as an inter-cell connector (6:3). Batteries are

constructed by stacking numerous bipolar plates into battery

cells. The advantages of the bipolar battery design over

.

-V_.-. i-- ..-.'.'.. - . . . . .'. -'..'.." -..-. ...-. . . .. ~:K i j$ :- :-:- . . . .' ,



the standard monopolar battery are reduced internal resis-

tance and inductance, and a significant weight and size

reduction for equivalent battery energy densities.

Purpose 4P

The goal of this thesis was to continue the Aero Propul-

sion Laboratory's investigation into the use of nickel-

cadmium batteries as filter elements for pulsed load appli-

cations. The objectives of this thesis were to design,

construct, and test bipolar Ni-Cd batteries to determine

their suitability for use as relatively high frequency fil-

ter elements. Battery performance, expected service life,

and specific battery failure mechanisms were investigated.

A computer controlled test network was developed to facili-

tate and control the evaluation of the test batteries.

Approach

Presently, there are few, if any, large research efforts

studying true bipolar batteries and no known bipolar bat-

teries are being commercially manufactured. However, there

is some related work being conducted. Dunlop Batteries of

Australia has developed and produced a quasi-bipolar lead-

acid battery for use in automobiles. The Jet Propulsion

Laboratory has worked on a bipolar lead-acid battery for

electric vehicle applications. NASA Lewis Research Center

has investigated bipolar nickel-hydrogen batteries for space

applications. Gulton Industries, in 1966, developed a work-

. able bipolar Ni-Cd battery which was proposed for use in

-- U
3
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laser and pyrotechnic activation (7). The Gulton batteries

were not rechargeable or utilized as filter elements. How-

ever, their design was similar to the bipolar batteries

independently designed and manufactured for this thesis

effort (8-.976). I
The first of three major areas of concern in this thesis

was the manufacturing of the test batteries. The test -'"

bipolar batteries were designed and built to minimize elec-

trolyte leakage, and to facilitate electrode production,

assembly, and evaluation. No attempt was made to optimize

the batteries for commercial applications or to minimize

overall weight. The batteries were specifically built to

explore the performance of the bipolar design in a capaci-

tive application and to demonstrate a higher energy density

than previously tested batteries at the Aero Propulsion

Laboratory.

The second major effort in this thesis was to set up a

semi-automated test circuit to test the bipolar batteries.

The test network was controlled by a Hewlett Packard HP-85A

computer and test battery parameters were monitored with an

HP-3497A data acquisition and control system. The test

circuit alternately charged and discharged the test bat-

teries at varying cycle rates from I to 50 Hertz and con-

trolled the battery parameters used in evaluating battery

performance. Battery testing was divided into acceptance,

performance, and endurance phases. The computer controlled

test network was partially used for performance testing and

4
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extensively used for the long term, endurance testing.

The final area of concern in this study was to design b:-

and build a bipolar test battery with a removeable cadmium

electrode. This electrode was periodically examined with a

scanning electron microscope to investigate the effects of

this cyclic filter application of the test battery on the &

structure of the cadmium electrode.

Sequence of Presentation

Chapter 2 presents battery theory. The nickel-cadmium

electrochemical process and a discussion of the Helmholtz

region or capacitance capability of the battery is also

presented. Important battery parameters are defined and

explained. Chapter 3 describes the design and manufacture

of the test batteries. The process of making electrodes and

the electrolyte sealing effort are outlined. Chapter 4

describes the semi-automated test network used to test the

batteries. Key circuit control elements are identified and

explained. Chapter 5 details the experimental procedures

followed to accomplish battery acceptance, performance, and

endurance testing, and cadmium electrode examinations.

Chapter 6 presents the results and discussion of the data

collection and analysis. Chapter 7 contains conclusions and

recommendations resulting from this thesis effort. Finally,

the appendices provide specific details and explanations in

several areas.

5-
5.
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* "" II. Batterv Theory

Background

The electrochemical process fundamental to a battery's

operation may have been known for thousands of years. Ar-

chaeological discoveries of copper-iron wet cells near -

Baghdad, Iraq are thought to be 2000 years old. Chemical

energy stored in a battery is converted into electrical

energy when the battery is discharged. The quantity of

electrical energy is a function of the inherent potential

and efficiency of the electrochemical reactions, as well as -

the amount of chemically active material within the battery.

The fundamental element of a battery is a cell. A

simple cell, like the monopolar nickel-cadmium (Ni-Cd) cell
L.

shown in Figure 2-1, is made up of a positive nickel hydro- .

xide (NiO(OH)2 ) electrode, a negative (Cd) electrode, and an

aqueous solution, or electrolyte, of potassium hydroxide

(KOH). The positive and negative electrodes accept and

furnish electrons to an electrical circuit while the elec-

trolyte completes the circuit internally by furnishing ions

for conductance. The chemical process is reversible for

rechargeable or secondary batteries. The choice of elec-

trode materials determines the fundamental potential differ-

ence or electromotive force of the cell. The type of elec-

trolyte, efficiency of the chemical reaction, and the cell

design are major determinants in the performance of a bat-

tery (2,9).

6
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Figure 2-1. Simple Nickel-Cadmium Cell

Nickel-Cadmium Cell

There are many types of rechargeable batteries avail-

able today with specific characteristics that makes one type

better than another for certain applications. However, this

study dealt solely with the nickel-cadmium (Ni-Cd) battery

first built by Waldeman Junger, a Swedish chemist, in 1890

(10:69). The Ni-Cd battery has been the workhorse for the

United States space program since its inception and is the

most widely used battery aboard United States P.Lr Force

aircraft (2:255,11:28). Ni-Cd batteries emit no noxious

fumes or gasses during use. There are no specific gravity

tests required for the electrolyte and the batteries can be

stored in any state of charge for long periods of time. Ni-

Cd batteries have demonstrated superior cycle life charac-

- teristics as compared to other available batteries (12).

7



Ni-Cd batteries are mechanically rugged and can operate over

a wide temperature range. They are good for high magnitude,

short duration currents and have excellent quick charging

characteristics. These factors, in addition to the results

of earlier work in this area accomplished at the Aero Pro-

pulsion Laboratory, led to the selection of the Ni-Cd bat-

tery for this study (4,5).

Chemical Reactions

In a Ni-Cd battery, the electrochemical reaction is the

oxidation and reduction of the active material on the elec-

trodes. During discharge nickelate hydroxide NiO(OH) at the'-.

positive electrode changes to nickel hydroxide Ni(OH) 2 by

accepting electrons from the external circuit and taking a

(. proton from a water (H2 0) molecule. The remaining OH- ion is

released and is passed by the KOH electrolyte to the nega-

tive cadmium electrode. There it combines with cadmium to

produce cadmium hydroxide Cd(OH) 2 and release two electrons

to the external circuit. The potential between the two

electrodes provides the impetus for the movement of the

ions. When the cell is recharged the process is reversed.

An overall chemical reaction equation (10,13:70) can be

simply represented by :

charge <----

Cd + 2H2 0 + 2NiO(OH) = 2Ni(OH) 2 + Cd(OH) 2  (1)

-- > discharge

b • 8 • ..p



During overcharge, or when the battery is fully charged and

charging current is still being applied, Oxygen (02) is

released at the positive (NiO(OH)2 ) electrode and migrates

to the negative (Cd) electrode to combine with hydrogen (H2 )

to produce water (H20). To reduce this gassing effect, the

capacity of the cadmium electrode is made greater than the

nickel hydroxide electrode (14). Gassing is a major problem

in sealed cells and can create high internal battery pres-

sures. Pressure vents are utilized to relieve pressure

buildup in the cells of many Ni-Cd batteries.

Bipolar Design L
The relatively long current path and the non-uniform

current density through the electrodes are two disadvantages

of the monopolar cell design of conventional batteries like

that shown in Figure 2-2. The ohmic losses limit power

density, reduce voltage efficiency, and generate excess

heat. The non-uniform current density distribution over the

electrodes does not fully or evenly utilize the active

material and thus limits the useful life of the cell (6).

The bipolar cell design alleviates these two monopolar

cell design disadvantages. It was first utilized when Volta

built his original battery (15:710). The bipolar battery

derives its name from its electrode configuration. The

positive electrode of one cell and the negative electrode of

the next cell are on opposite sides of a conducting sub-

strate. Figure 2-2 shows how the current path through a

9
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1 2 3 4 1 2314

Figure 2-2. Current Patt Through a Four-Cell Battery

bipolar cell differs from a monopolar cell. The current is

unifor.nally distributed over the surface of the electrodes

and its current path is shortened considerably. Previous

P testing of bipolar Ni-Cd batteries provided about six times

the current density of conventional, monopolar batteries

(6:A-14). Bipolar batteries, with a lower internal resis-

h tance, are capable of providing higher energy densities than

capacitors and are believed to be an optimum cell design for

pulsed power applications.

i

Capacitance and the Double Layer

When the battery is used to filter a pulsed load the

instantaneous current and voltage changes through the bat-

tery are effected by its short-term or transient character-

istics. These characteristics are dominated by the bat-

tery's internal resistance and capacitance. A common

10
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Figure 2-3. Ni-Cd Battery Equivalent Circuit (5:11)

equivalent circuit model of a Ni-Cd battery is shown in

Figure 2-3. The circuit parameters are the ideal voltage, E,

M@- the effective delayed internal resistance, Ri, the effective

instantaneous internal resistance, R2, and the effective

capacitance of the electrodes, C.

Capacitance is normally considered an electrostatic

phenomenon of storing energy between two conductors sepa-

rated by a dielectric material. The narrow region between a

metallic electrode in a battery anJ its electrolyte behaves

like an electric capacitor in that it is capable of storing

charge. Electrodics, or the study of this narrow region in

electrochemistry, was conducted by Helmholtz almost a cen-

tury ago (16%xiii,l-3). He, along with many others who

followed, attempted to describe this capacitive nature of

.-.. batteries as a double layer of ions. These charged ions,

..........
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separated by dielectric water molecules, act as miniature

capacitors with the cell voltage across them. This "double

layer" capacitance is an important factor in the transient

response of a battery operated in a cyclic charge/discharge

manner and is the basis for its proposed use as a filter

element for pulsed loads.

Initially, when a Ni-Cd battery is discharged, the dou-

ble layer capacitance of the cadmium and nickel electrodes

discharge quickly. This initial voltage decay is due to the

capacitive discharge of the battery electrodes and is fol-

lowed by the much slower classical electrochemical, or fara-

dic, discharge of the battery through the electrolyte

(17:7). The effective capacitance of a battery can be

* i calculated by assuming the capacitance remains constant and

picking values for the current (I) and corresponding values

for the voltage change (dV/dT) from battery output wave-

forms. Using the well-known equation

C I/(dV/dT) (2)

the effective battery discharge capacitance (C) can be

calculated from the measured data.

The internal resistance of a Ni-Cd battery can be

approximated by measuring the impedance with an a-c ohmmeter

(18:6). It can also be calculated by assuming the instanta-

neous voltage change when the battery is switched from

charge to discharge is strictly an IR drop (14). The resis-

tance is then the change in voltage divided by the change in

12
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current. Internal resistance for this study was based on

ohmmeter readings and it was only used to quantify the

internal resistance of the test bipolar batteries.

Where and how you measure the change in voltage on the

voltage discharge curve is very important in determining the

average capacitance of the battery. This study determined a

- pulse capacitance and a load capacitance. The pulse capaci-

tance was based on the slope of the voltage curve at the

point where the instantaneous voltage changes from a

straight line path due to IR (current times resistance)

drop; hereafter called the knee. The load capacitance was

based on the slope of the voltage curve from the knee to the

end of discharge value. This load capacitance is similar to

-. the previously presented capacitance values of Cimino and

Gearing (5:12). Figure A-1 illustrates these voltage points.

Electrode Structure

Failure mechanisms in Ni-Cd batteries include the gen-

eral categories of total abrupt failure, loss of capacity,

and shortened service life. One specific failure mode that

impacts all of the above general categories is a change in

the crystalline structure of the cadmium electrode. During

discharge, the cadmium metal is changed into cadmium hydro-

xide crystals that form in the pores of the electrode plaque

or sintered nickel. During charging, the cadmium hydroxide

at the electrode surface changes to cadmium metal through a

solid state reaction. The size of the deposited cadmium

13
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crystals during the electrode manufacture and subsequent

charge and discharge cycle life have a major impact on the

performance of the battery. Large crystals or dendrites can £

cause inter-cell shorts (19). Heavy crystallization of the

outer surface of a porous electrode reduces the available

active material and reduces the capacity and service life of

the battery by blocking the passages for electrolyte flow to

the active material within the porous plaque. This study

examined how rapid charging and discharging of a Ni-Cd .

battery affects the crystalline structure of the cadmium

electrode. Scanning electron microscope photographs were

used to record the cadmium crystalline structure changes as

a function of the charge/discharge cycle life of a test bi-

polar Ni-Cd battery.

Battery Parameters

Numerous battery parameters are utilized to compare and

evaluate battery performance. Unfortunately, many of these

parameters have non-standard definitions within the electro-

chemical and scientific community. This section will estab-

lish the definitions for some of the important parameters

used in this study. Sample calculations are provided in

Appendix B to illustrate some of these parameters.

The "cycle life" of a secondary battery refers to the

number of times it can be charged and discharged before its

available current or voltage drops below a required minimum

(20:6-2). Normally Ni-Cd batteries are expected to last up r "

14
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to a few thousand cycles depending on their design and

utilization. This study will address the expected perfor-

mance of a battery that has been cycled millions of times.

The "depth of discharge" (DOD) of a battery is the ratio

of the capacity removed from the battery during discharge to

the specified capacity of the battery (21:1). Normal Ni-Cd

utilization involves discharging the battery from 10 to 75%

of its capacity over a few hours and slowly recharging it

over many more hours (22:ii). This study involved depths of L.

discharge under 1% for charge and discharge cycles of 20 to

1000 milliseconds. Previous research in this area dealt

with DODs of hundredths of a percent (4,5:33).

The "capacity" of a battery is the amount of charge that

it can deliver to the load, normally expressed in ampere-

hours (a-h) (20:6.12). This study defined theoretical capa-

city as the capacity of a battery electrode based on elec-

trochemical considerations. Each gram of cadmium or nickel

hydroxide impregnated into a porous plaque yields 0.366 a-h

or 0.289 a-h of capacity, respectively. A test battery's

theoretical capacity was then equal to that of the minimum

capacity electrode within its four cells. The measured

capacity of the test battery was based on charging the

battery for 1.75 hours at a current of 60% of its theore-

tical a-h capacity until the voltage reached 6.2 volts. The L.

battery was discharged at its theoretical capacity amperage

until the discharge voltage reached 1 volt per cell. The

amperes multiplied by the hours of discharge time yielded

-- 15
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the measured ampere-hour capacity of the battery. This

capacity amperage is sometimes called the C-rate and is used

to refer to the rate at which a battery is being charged or

discharged. For example, a 5 a-h battery discharged at 5

amps, at a 1 C-rate, would last one hour. Similarly, if the

same battery is discharged at 1 amp, a 0.2 C-rate, it would

last 5 hours.

The "energy density" of a battery is a common figure of -

merit expressing the stored energy as a function of weight.

Capacitors used on spacecraft are expected to provide I

joule per pound of energy density (23). An important part

of this study was to demonstrate higher energy densities

from Ni-Cd bipolar batteries than those provided from capa-

citors or previous Ni-Cd batteries tested • Energy density

is calculated by multiplying the battery voltage by the

battery current and discharge time and then dividing this

value by the battery weight.

The "efficiency" of the test batteries was approximated

by multiplying the average discharge voltage by the dis-

charge current and then dividing this value by the average

charge voltage multiplied by the charge current for an equal

charge and discharge time (10:24). This serves as a figure

of merit for the battery's response to charging and is an

indication of the battery's operational status, internal

losses, and the functional state of the electrodes.

16
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Battery Testing

Acceptance. Acceptance testing involved the charging

and conditioning of the test batteries. There are a number

of methods for effectively charging vented Ni-Cd batteries.

Charging involves putting energy into the battery in the

form of electricity and then storing it as chemical energy.

The methods differ in the amount of current supplied as

compared to the ampere-hour capacity of the battery, the

amount of time the battery is charged, and how the charging

current, voltage or both are maintained during the charge.

The charging current and time are combined into the C-rate

parameter. For example, if a 10 ampere-hour battery is

charged at a constant 5 amperes it is charged at a 0.5 C-

rate. To fully charge it at this rate would require 2

hours. To charge it to 75% of its capacity would require

charging it for only 1.5 hours.

Charging of the test batteries, as described in the

discussion of the capacity parameter, was fundamental to the

conditioning of the test batteries. Once a battery was

assembled it was charged and discharged a number of times to

determine its capacity and to condition the battery or

optimize it operation. This conditioning process was the

result of years of experience with Ni-Cd batteries and is

based on the fact that Ni-Cd batteries initially improve

with use. Researchers believe the improvement in perfor-

mance is due to a further improvement in the nickel elec-

trode similar to that resulting from the formation process

17
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described later in the experimental battery chapter.

Performance. Performance testing was conducted on the

bipolar batteries to ascertain how well they functioned when

used as a capacitive element under a pulsed load. The first

test involved determining how much current the battery could

handle without overheating. From this test the energy den-

sity capability of the batteries was established to compare

with past battery designs similarly tested. Average capaci-

tance, efficiency, and energy density versus the battery

discharge current were computed. A computer controlled test

network was used to monitor battery temperature. All the

battery testing was done at a 75% state of charge. This

first test was done at a cycle rate of 5 cycles per second

€~(cps).

The second performance test investigated the battery's

response to different cycle rates. Cycle rates from 1 to 50

cps were performed at various current levels. Battery para-

meters such as average capacitance, efficiency, and energy

density versus battery discharge current, were computed.

Test battery response was studied to determine its charac-

teristics over the range of cycle rates for future applica-

tion possibilities.

The third and final performance test was done to deter-

mine the effect the end of discharge voltage had on the

performance of the test battery as a capacitive element.

Cimino and Gearing previously proposed that the average

value of the voltage at the end of discharge in each cycle

18
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effected the average capacitance, efficiency and voltage

regulation (5:36). Test batteries were cycled at 5 and 10

cps at various current levels with the end of discharge

voltage adjusted up and down by controlling supply current.

Battery performance data were computed and analyzed to dete-

rmine the effects if any of the end of discharge voltage on

capacitance and efficiency.

During all of the performance testing, a test circuit

was used to control the load current demanded from the |

charging source and the battery. A 50% duty cycle load

(load on half the time and off half the time) ensured that

the batteries were alternately charged and discharged as

desired. Raw data recorded from the testing were the bat-

tery voltage waveform and the source, battery, and load

currents. The measured capacity of the test batteries was

also checked periodically to determine how battery perfor-

mance degraded with use.

Endurance. The two purposes of the endurance tests were

to gather data on the cycle life of the test batteries and

to study the effects of the rapid cycle application on the

cadmium electrode. One test battery was run in a computer L.
controlled test circuit with the goal of one billion charge

and discharge cycles. Its capacity was periodically mea-

sured in addition to its average capacitance and efficiency

in order to gather data on the cycle life performance of the

battery. The computer control test circuit continuously

monitored the end of discharge voltage and automatically

19
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adjusted the supply current to maintain this voltage rela-

tively constant.

A test battery specially designed with a removeable

cadmium electrode was cycled using the endurance test cir-

cuit to study the effects on the cadmium structure within

the electrode. After a number of cycles, samples of the

removeable cadmium electrode were photographed by a scanning

electron microscope. This pictorial history of the cadmium 2
structure after the electrode's use in this high cycle rate

application was studied to better understand Ni-Cd battery

failure mechanisms associated with the cadmium electrode. K;2

The test circuit required for this test was almost identical

to the other endurance test circuit.

With the preceding theory as a basis, the study of a

bipolar Ni-Cd battery as a pulsed power filter was begun by

designing, manufacturing, and testing batteries. Chapter 3

explains the test battery design and manufacture in an

attempt to optimize the battery's performance for pulsed

power applications. .-
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"* III. EXPERIMENTAL BATTERY

Background

The bipolar cell design was selected due to its low

internal resistance, its capacity for higher and evenly

distributed current loads, and its potential for lighter

total weight. An Australian, commercial, quasi-bipolar

automotive battery boasts of an almost 30% reduction in size

and weight over a standard automotive battery (6:iii).

A recommendation arising from previous efforts in eval-

uating the capacitive filter ability of Ni-Cd batteries was

to use the bipolar battery design (4,5). In addition, the

sponsor of this study was interested in the bipolar design

for the capacitive filter application.

Design

The design of the test bipolar battery used in this

study resembles a design used by Seiger (et al) at Gulton

Industries in connection with pyrotechnic work (8). While

the designs are similar in size and shape, the use of the

battery and its construction procedures are quite different.

The earlier work does serve as a useful comparison to the

batteries built for this study.

Figure C-4 presents an expanded view of a regular

bipolar test battery. The test batteries were designed to

facilitate simple construction and testing, in addition to

the development of an effective electrolyte seal. The lack
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of a good electrolyte seal is a recognized pitfall in the

bipolar design. Size and weight considerations were sacri-

ficed in an attempt to effect the seal.

The circular design was chosen in an attempt to evenly

distribute the current through the battery ai.d to minimize

the ratio of seal area to active electrode area as compared

to that of a rectangular design. The larger the diameter of -

the electrode, the less significant is the wasted area used

for seals and the lighter the battery becomes as compared to

its electrode weight.

The design of the removeable electrode battery involved

a minor alteration in the regular test battery design. The

fourth nickel electrode in the normal stack of five elec-

* trodes was enlarged and designed to allow the end electrode

(cadmium) to be removed for examination while maintaining

the integrity of cells 1 through 3. Figure C-5 is an expan-

ded view of the removeable electrode test battery. These

battery designs allowed the test batteries to be easily

assembled, repaired, or examined throughout the study ef-

fort. Battery component failures could be more easily iso-

lated and repaired as needed, using spare components.

Fabrication

Metal Work. The battery superstructure (or cell walls)

and the end plates were made of 200 grade nickel. Nickel

was chosen because of its high electric conductivity, resis-

tance to reaction with KOH, and its availability. These
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nickel plates or slugs were machined according to detailed

drawings nade during the design phase of this effort. The

removeable electrode battery contained an oversized nickel

slug used to maintain the seals on three of the four cells

of the battery. The machining of the active electrode area

was identical to that of the regular test battery slugs with

the exception of the drilled and tapped holes used in estab-

lishing the intermediate seal. The end slugs, with only a

single machined surface, had nickel tabs welded to them

which served as battery terminals. Appendix C contains

detailed battery component drawings.

Electrodes. The following paragraphs describe the

steps used to fabricate and impregnate the electrodes used

in the battery.

Sinter. The first step in making an electrode was

to sinter (heat without melting) nickel powder in a Linberg

tube furnace until it became an 80-90 percent porous sponge-

like structure attached to the nickel slug. This porous

structure, referred to as plaque, is where active electrode

materials are later impregnated. Early attempts at keeping

the sintered nickel plaque attached to the slug failed when

no special preparations of the nickel slug surface were made . -

and the standard patented procedures were followed (24).

After a month of experimentation, a combination of spiral

grooving (10 mils deep) and acid etching of the surface

resulted in securely attaching the plaque to the nickel

slug.
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A special procedure was required to sinter both sides of

a nickel slug without losing the powder from the inverted

side of the slug as it lay in the furnace. The method used

was a "soft" sinter of the first side for 8 minutes at 9800

Celsius and then a full sinter of the other side for 10

minutes. The side sintered twice was then used as the

cadmium side since that electrode was mechanically stressed

the least in the impregnation process. A detailed sintering

checklist is provided in Appendix D.

The special removeable cadmium electrodes were made with

a commercial plaque material to facilitate the removal of

small pieces to study with a scanning electron microscope.

The commercially manufactured nickel sintered plaque was

" spot welded onto the slug. This reduced the current path

area through this last battery cell but it allowed the

removal of electrode pieces without destroying the entire

electrode.

Impregnation. The electrochemical impregnation of

cadmium and nickel hydroxide into the nickel powder plaques

was achieved by a minor variation of patented procedures

(25,26). The positive nickel hydroxide electrode was im-

pregnated by immersing a prepared sintered slug into 1.8-

molar (molecular weight in grams per liter) nickel nitrate

and 0.2-molar cobalt nitrate solution. A direct current of

0.175 amperes per square inch of electrode surface or 0.875

amperes was passed through a nickel plate, the solution and

the electrode slug for four hours. The negative cadmium
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electrode was impregnated by immersing a sintered slug into

a 2-molar cadmium nitrate solution. A current of 0.1 ampere

per square inch of electrode surface or 0.5 amperes was run F

through the slug, solution, and a cadmium metal plate. The

current was run from the cadmium plate to the slug 50 se-

conds and then reversed through the circuit for 10 seconds

for a total of four hours to impregnate cadmium crystals

into the nickel plaque. Both impregnation baths were kept

at a pH of 3.5 by a nitric acid drip and maintained at 800

Celsius (C). Figure E-1 shows the impregnation apparatus.

Figure E-2 is a drawing of the special mount used to impreg-

nate only one side of the bipolar electrodes at a time.

After the electrochemical impregnation, the cadmium

electrode was placed in a distilled water rinsing bath to

remove any solution left in the sintered plaque. The nickel

electrode was removed from the impregnation bath and quickly

placed in a KOH formation bath. Here, a 0.5 ampere current

was passed through the slug, the KOH electrolyte, and a

nickel plate in one direction for 20 minutes and then re-

versed for 20 minutes for a few cycles. This formation

process was done to convert the nickel hydroxide to a more

electrochemically active form and improve the coulombic or

charge transferring efficiency of the electrode (8:975).

Upon completion of the formation cycle, the nickel hydroxide

electrode was rinsed in a distilled water bath and then

dried in a vacuum oven to remove moisture from the electrode

for accurate weighing. A detailed impregnation checklist is
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provided in Appendix E.

Seals. A major design consideration was an attempt to

make a temporary compression seal on the test batteries that

would eliminate leakage of the KOH electrolyte, but allow

periodic assembly and disassembly of the test batteries.

Historically, sealing problems have been one of the major L

limitations of bipolar batteries. Therefore, battery design

and weight concessions were made in an attempt to effective-

ly solve the leakage problem and prevent the failure of the

test batteries due to a loss of electrolyte or exterior

short circuit from the leaked conductive fluid. The mate-

rial used between the nickel slugs or cell walls had to be

an electrical insulator, relatively impervious to the corro-

sive effects of KOH, and compressible. Teflon was selected

as the seal material. Thin (.035 inch or 35 mil) washers of

this insulating and sealing material were compressed between

the nickel slugs by sixteen stainless steel bolts and nuts

around the outer diameter of the battery slugs. They were

each tightened to at least 60 inch-pounds of torque. Since

the Teflon was somewhat compressible, the test batteries

were assembled a few hours prior to their use to insure a

good seal and minimize any "cold flow" or delayed compres-

sion of the insulator.

To take advantage of this "cold flow" property of the .

Teflon, the outer edges of the battery slugs were lightly

grooved one mil deep and then had two 10 mil circular

-- grooves cut into them. These grooves were attempts at
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Figure 3-1. Battery Inter-cell Seal -

providing tighter barriers to prevent the ubiquitous KOH

from leaking out when the cells were under pressure. Figure

" ~ 3-1 shows a sideview of the seal utilized in this study.

Assembly

Once the electrodes were prepared and the seals, cell

separators, and various other battery parts were gathered, a

test battery was easily assembled in a matter of minutes.

As shown in Figure C-4, each cell had a Pellon 2506, unwo-

Yen, fibrous nylon separator iin it to pre-ent the cell U
electrodes from shorting out by forming a crystalline bridge

or dendrite between the two electrodes. The separator also

serves to keep a uniform amount of KOH electrolyte dispersed

throughout the cell. The battery compression was achieved

using two stainless steel end plates torqued down with

sixteen bolts and nuts. Electrical conductivity checks

27

--- _- N ", , . " v , . ** '-'"-'"v'. " . -.".." .' -.- *." .'." "* "." "."P.;-.



insured that no mechanical short was caused during construc-

tion.

After torquing the compression bolts down to insure an

effective electrolyte seal, the battery was placed with its

fill holes immersed in KOH and then vacuum filled using a

bell jar leak detector. This vacuum filling was done se-

veral times to insure that the cells were filled as fully as

possible with KOH. A hypodermic needle was used to top off

each cell with KOH and then the exterior of the battery was

cleaned and dried to eliminate any residual KOH that might

short the cells.

Specifications

Theoretical Capacity. The theoretical ampere-hour

capacity of a test battery was based on the weight of the

active materials impregnated into the porous plaque of the

electrodes. By multiplying the weight (to the nearest

milli-gram) of the cadmium and nickel metal impregnated by

the factors of 0.366 a-h per gram of cadmium and 0.289 a-h

per gram of nickel, respectively, the ampere-hour capacity

of the electrode was found (16). Each test battery elec-

trode was carefully weighed with a Gram-attic balance before

and after impregnation and its theoretical ampere-hour capa-

city computed. A particular battery's capacity was then

based on the lowest capacity electrode. This theoretical

capacity value was used to determine battery charging and . -
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discharging currents utilized in measuring actual ampere-

hour capacity and in conditioning the test batteries.

Battery Equivalent Weight. The weight of the battery

is a primary consideration for computing the energy density

of the battery. Since the batteries for this study were not

optimized for weight or for a commercial application, an

equivalent weight was used to compare the energy density of

the bipolar batteries with previously tested batteries. The

actual weight of the plaque and active material, plus an

allowance for cell walls based on Seiger's work (8:975), was

used to compute the electrode weight for the battery. This

actual electrode weight was considered to be 57.9% of the

total battery weight; based on a study of standard Ni-Cd p
aircraft batteries (4). This allowed a direct comparison of

this study's results to those of Cimino and Gearing (5).

Appendix F shows the actual calculations and equivalent

weights of the test batteries.

The design and manufacture of the test bipolar bat-

teries was only the first segment of this study. A test

network for evaluating the capacity, performance, and endur- "-

ance of these batteries was required. The next chapter

describes the test networks assembled and utilized in the

testing of the bipolar batteries.
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IV. Test Network

Background

Evaluation of the operational characteristics of the

bipolar battery used for this study was divided into three

types of testing: capacity, performance, and endurance.

Capacity testing was performed using a timed, semi-automated

network. Performance testing was performed using manually

adjusted test equipment because the individual tests re-

quired frequent and non-periodic adjustments of the test

equipment. Endurance testing was accomplished using a com-

puter controlled test network which automatically adjusted

the test equipment to obtain the desired operating parame-

ters.

Test Equipment

The equipment used for the various types of testing is

listed in Appendix G. It is grouped by type of test. A

test log of calibration data and test apparatus photographs

are also given in Appendix G.

Test Circuit Designs

Two basic test circuit designs were used in performing

the required tests. The first test circuit design was used

for capacity testing and charging the batteries to the

desired state of charge. The second test circuit design was

used for performance testing and with the addition of the

computer control elements, was also used for endurance

30



. testing.

Test Circuit Operation

Conditioning Test Circuit. A schematic of the circuit =. 2

used for conditioning the batteries is shown in Figure 4-1.

During a charge cycle, the dc power supply provided a vol-

tage limited, constant current to the battery. Charging

time was controlled by a countdown timer/relay device. When

the countdown timer reached zero, a relay switched the

charging power supply out of the circuit and connected the

discharge power supply and the discharge load of 30 ohms

across the battery to force the battery to discharge.

During a discharge cycle, the discharge power supply

was in series with the battery and the load resistor. The

power supply adjusted its voltage such that the battery

provided the desired current load. When the discharge timer

reached zero or the battery voltage dropped below a prese-

lected cutoff voltage, the discharge power supply and load

were disconnected by relays. This charge/discharge cycle 4-

was repeated until two consecutive discharge cycles resulted

in similar measured battery capacities.

During both charge and discharge cycles, the correspon-

ding battery voltage and current were recorded using a two-

channel chart recorder. This recorded data was used to

determine the battery's ampere-hour capacity as well as

provide useful information to analyze any malfunctions du-

ring the conditioning process.
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Figure 4-1. Conditioning and Charging Circuit

Charging Circuit. The same circuit used in condition-

ing the battery was also used to charge the battery to the

desired operating state of charge. The theory of operation

* is the same as that described in the previous section. The

* difference between charging and conditioning is the number

of charge and discharge cycles applied to the battery. When

charging, the battery is initially charged and discharged

once and then recharged to 75% of the battery's measured

* ampere-hour capacity.

Performance Test Circuit. A schematic of the circuit

used during performance testing is shown in Figure 4-2.
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This circuit provided a means of controlling the current

""" demanded from the battery by adjusting the charging supply

current. All circuit control adjustments were made manually

during this test.

A solid state load controller, modulated by an external

wave generator, alternately connected and disconnected its

internal load to the test circuit. The wave generator

supplied a 50% duty cycle square wave at various frequencies

used during testing. The load controller was controlled by

an input voltage of 0-6 volts which corresponded to 0-60

amperes of load current from the battery. The load current

was initially adjusted to twice the charging supply cur-

rent. This forced the battery to provide a current equal to

the supply current. The charging supply current was applied

to the battery when the load was off and applied to the load
J V%

*. and the battery when the load was on. Adjustments to the

charging supply current were made manually at the power

supply. As an example, when the load was on and it demanded

6 amperes of current, the charging power supply provided 3.1

amperes and the battery would provide 2.9 amperes. When the

load was off, the charging power supply just charged the

battery with 3.1 amperes of current.

The current shunts provided chart recorder inputs for

recording supply current (I.), battery current (Ib), and

load current (1I, during testing. Battery voltage (Vb) was

also monitored using the chart recorder.
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Since the individual tests within performance testing

required high currents (compared to the battery's ampere-

hour capacity), the temperature of the battery at each end

cell and at a center cell was monitored using an HP-85A

computer and iron/constantan thermocouples. This tempera-

ture was used to determine the maximum current the battery

could withstand and not exceed 800 Celsius. This value

permitted a high operating temperature without exceeding

the boiling temperature of the KOH electrolyte; about 1000

Celsius. Elevated temperatures also produce other unde-

sireable effects on Ni-Cd batteries such as reduced effi-

ciency and shorter cycle life (20:68).

Endurance Test Circuit. The circuit used for endurance

testing is shown in Figure 4-2. The basic circuit is the same

as the circuit used in performance testing, but a computer

and computer controlled test equipment were added to monitor

and control various circuit parameters. The computer and

computer controlled equipment utilized the HP-IB interface

bus. Use of this interface greatly simplied circuit control

and data acquisition.

A primary concern was maintaining the battery's end of

discharge voltage at a particular value without exceeding a

maximum end of charge voltage limit. Using an HP-85A compu-

ter and an HP-3497A data acquisition and control unit,

software was developed which allowed the user to select a

desired battery current, maximum charge voltage, minimum

35



. .* discharge voltage, operating discharge voltage, and to moni-

tor battery temperature. The program first initialized the

wave generator to modulate the load controller, and then

turned on the charging and discharging power supplies, and

the data acquisition/control unit to their power-on condi-

tion (no input or output). Next, load and supply currents

were applied at the operating frequency and the battery

voltage was monitored for three minutes to allow battery

operation to stabilize. Once the three minute warmup was

complete, the computer reported the maximum end of charge

and minimum end of discharge voltages. The computer would

then request desired limiting charge and discharge voltages

and an operating discharge voltage.

With warmup and initialization complete, the battery was

then alternately charged and discharged at the desired

frequency. The battery voltage was monitored and sampled

using the HP-3497A to determine an average end of discharge

voltage. The decision logic used to control the test battery

is outlined in Figure H-i. Charging current was controlled

to maintain the battery voltage between desired limits and

avoid overcharging as illustrated in Figure H-2. Automatic

test termination was commanded whenever established opera-

ting or safety limits were exceeded.

For temperature monitoring, the computer measured the

thermocouple voltages and using a software compensation

utility program supplied with the HP-3497A, the battery

Ir
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temperature was computed and compared to the maximum allow-

able value. If the measured temperature exceeded this value

the test was terminated and the operator was alerted of the

over temperature condition by a printed message containing

the date and time of day the test was terminated. If the

measured temperature was less than the maximum value, the

computer repeated the voltage sampling, charge current ad-

justment (if necessary) and temperature measurement process

until the desired number of cycles had been completed.

Program information is given in Appendix H. The program

made use of several utility routines supplied with the HP-

3497A data acquisition/control unit. The program was de-

signed to be user friendly and once initiated required no

operator intervention except to terminate a test when de-

sired

This chapter presented a descriptive explanation of the

equipment and test circuits used and their operation in the

three major testing areas of this study -- conditioning and

charging, performance, and endurance. Each of these cate-

gories consisted of several specific tests. A more detailed

explanation of these specific tests and the procedures used

in their performance is given in the next chapter.

3.
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V. Experimental Test Procedures

Ba ckg round

After the bipolar batteries and a test network were con- '-

jstructed, it was necessary to evaluate the batteries for
their suitability as pulsed load filters. Battery testing

was divided into acceptance, performance, and endurance test

phases. Acceptance testing covers the procedures used to

charge and condition the test batteries. Performance test-

ing determined the efficiency, energy density, and average

capacitance of the batteries. Finally, the endurance test-

ing was done to determine the overall capacity of the bat-

tery as a function of cycle life and to investigate battery

failure mechanisms associated with the deterioration of the

cadmium electrode.

Acceptance Testing

Charging. After a battery was assembled and filled

with electrolyte, it was fully discharged across a resistive

load to bring each individual cell down to an approximately

equivalent state of discharge. A dc ohmmeter was used to

insure the assembled battery had no internal mechanical

short circuits. An ac ohmmeter was used to measure the

resistance of the battery as a function of the battery's

state of charge.

A modified constant potential charging method was used

to charge the test batteries. This method was a compromise
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between a slow or fast charge time to facilitate testing

procedures and standardize the charging process. The cir- lei

cult described in Chapter 4 and shown in Figure 4-1 was

used. Charging was done at the 0.6 C-rate of the battery or

electrode. For example, a battery with a 0.5 ampere-hour

theoretical capacity, based on the active material in the

weakest electrode, was charged at 0.3 amperes of current.

This constant current was held until a battery or cell

voltage of 1.55 volts per cell was reached (i.e. 6.2 volts

for a four cell battery). The charging current was then

reduced to maintain this battery voltage and to avoid over-

charging and gassing of the battery or cell. Charge time

to full capacity normally averaged I hour and 45 minutes.

Full capacity was based on the leveling of the battery

voltage and charging current as shown in Figure 5-1.

The charging circuit was also used to discharge the test
batteries or individual cells. Discharge current was always

the C-rate of the battery or cell. For example, a 0.5

ampere-hour capacity battery was discharged at 0.5 ampere.

The test batteries were normally discharged down to 1 volt

per cell, or in the case of the removeable cadmium elec-

trode, down to 0.3 volt for the single cell.

Conditioning. As previously mentioned, Ni-Cd batteries

initially improve with use because of the increase in the

nickel electrode's capacity. The test batteries in this

study were conditioned by charging and discharging them

several times. This was done until the discharge time for
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each cycle stabilized and any leakage or assembly problems

were resolved.

Capacity Checking. The measured capacity of the test

batteries or electrodes was obtained from the conditioning

process. The theoretical capacity of a Ni-Cd battery is

seldom actually obtained for a number of reasons, including

impcrfect electrodes, assembly flaws, eloctrolyte problems,

and internal losses. The measured capacity of the test

battery was based on the discharge time and current to a

battery voltage of 4 volts. Since a constant current dis-

charge was used, the measured capacity of the battery was

determined by multiplying the discharge current by the dis-

charge time in hours. For example, a battery discharged at
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0.5 amperes for 30 minutes had an actual capacity of 0.25

ampere-hours. Once a battery's initial measured capacity

was determined, it could be charged to a specific state of

charge. All batteries were tested using a 75% state of

I charge based on measured capacity. For example, a battery

with a 0.25 ampere-hour measured capacity would be charged

for 45 minutes at 0.25 amperes to obtain a 75% state of

I charge.

The capacity measurements of the removeable electrode

were done differently. The removeable cadmium electrode was

removed from a fully discharged battery and a sample of the

electrode was taken for scanning electron microscope study.

The cadmium electrode was then placed in a beaker of KOH

electrolyte with a commercial nickel plate of greater capa-

city. This open Ni-Cd cell was charged at a 0.6 C-rate for

two hours to thoroughly overcharge the cell. The cell was

then discharged at the theoretical capacity I C-rate, or at

a current of 0.974 amperes, down to 0.3 volts. The current

times the discharge time yielded an electrode capacity.

This electrode capacity was tracked as a function of the

number of times the battery was charged and discharged. The

capacity of the cadmium electrode was physically reduced

each time a portion of the electrode was removed for study.

The degradation in capacity was considered and accounted for

geometrically in the presented data by reducing the capacity

directly proportional to the reduction of electrode surface.
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Performance Testing

Two of the test bipolar batteries were used during this

phase of the study to determine how well a bipolar Ni-Cd

battery could function as a capacitive element under a

pulsed load. Performance testing involved determining how

much current the battery could handle without overheating,

how the capacitive nature of the battery changed as the

cycle rate changed, and how the battery efficiency and

average capacitance changed as the end of discharge voltage

was varied.

Current Load. The test network shown in Figure 4-2 was

used to test battery #1 for maximum current capacity. The

battery current demanded by the load was systematically

increased from 3 to 28.5 amperes. All current adjustments

were made manually while the HP-85A computer was used to

monitor the temperature of the battery. Battery voltage,

load current, source current, and battery current were re-

corded along with the measured temperatures and run times at

each different current load. A cycle rate of 5 cycles per

second was maintained and a total of 60,000 charge/discharge

cycles were made on battery #1 during this phase of testing.

Each different current rate was maintained for over 20

minutes and until the operating temperature stabilized.

Cycle Rate. Bipolar battery #1 was cycled at rates of L

1, 5, 10, 25, and 50 Hertz and current loads of 5 and 10 am-

peres. The cycle rate or charge and discharge frequency was

controlled by a wave generator cycling the load on and off.

42
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The battery's state of charge at the start of cycle testing

was 75% of the total measured capacity. Battery voltage,

load current, source current, and battery current were re-

corded during the approximately 20 minute periods of each

combination cycle rate and current load. A total of about

232,000 cycles were accomplished on battery #1 during this

phase of testing. Temperature was monitored as before by

the HP-85A computer while all other test circuit control

functions and adjustments were done manually. The test

circuit shown in Figure 4-2 was again used for this perfor-

mance test.

End of Discharge Voltage. Bipolar test battery #2 was

used for the end of discharge voltage performance testing.

The charging or supply current was varied along with the

demanded load current to change the current supplied to or

by the test battery. The difference between the current go-

ing into the battery when the load was off and the current

coming out of the battery when the load was on, determined

whether the battery was being charged or discharged. Over

time, this charge or discharge status would raise or lower

the end of discharge battery voltage. Therefore, the end of

discharge voltage could be controlled simply by changing the

supply current for a set load current. Cycle rates of

1,5,and 10 hertz (cycle per second) and load currents from 4

to 10 amperes were examined. Supply current was manually

varied to investigate battery performance at end of

discharge voltages of 3.6 to 5.2 volts. Battery voltage
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along with load, supply, and battery currents were recorded

to enable comparison computations of battery efficiency and

average capacitance at various end of discharge voltages. I:
The capacities of batteries #1 and #2 were periodically

checked during testing to gather capacity versus cycle life

data. The internal resistance of battery #1 was measured .e

using an ac ohmmeter and plotted as a function of its state

of charge. Performance test results presented in the next

chapter were used to determine a battery current, cycle

rate, and end of discharge voltage to operate the test

bipolar batteries during the endurance phase of testing.

Endurance Testing

Cycle Life Capacity. Test battery #3 was tested at a

battery current of 3 amperes , a cycle rate of 10 cycles per

second and an end of discharge voltage held around 5 volts.

The battery was tested using the computer controlled test

circuit shown in Figure 4-2. Periodically, the battery was

removed from the test circuit and its capacity checked as

described earlier. Battery voltage and load, supply, and

battery currents were recorded. The battery was left run-

ning in an attempt to reach at least 10 billion

charge/discharge cycles or until total failure of the bat-

tery occurred.

Cadmium Electrode Study. Test battery #2, with the

removeable cadmium electrode, was cycled at 5 hertz, a bat-

tery current of 3 amperes, and an end of discharge voltage O
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around 5.15 volts using the test circuit shown in Figure 4-

2. The capacity of the uncycled, removeable cadmium elec-

trode was initially measured and its crystalline structure

photographed. At various cycle points, the removeable cell's

capacity and its cadmium crystalline structure were again

photographed and examined. Battery voltage and load, supply

and battery currents were recorded periodically to compute

and track battery performance parameters. The capacity of

the cadmium electrode versus cycle life was also tracked.

Scanning electron microscope pictures showing the changes in

the cadmium crystalline structure were correlated with the

capacity checks and cycle life history.

The next chapter presents a discussion of the results of

4the acceptance, performance, and endurance testing. A pre-

lude to these results is a discussion of the bipolar battery

construction accomplished during this study and an assess-

ment of the overall effectiveness of the test networks.

4. -
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VI. RESULTS AND DISCUSSION V.

General

The results of this study are presented in a chronolo-'

gical sequence that begins with the design of the test

batteries and ends with endurance testing. Data from pre-

viously explained procedures and methods is presented with

little discussion. Other data is discussed in detail, as

needed, to clarify an idea. Tabulated, graphical and picto- -:

rial data is presented in the appendices.

Battery Mechanics

Design. The basic design of the bipolar test batteries

was successful in that the batteries were functional and

they were easily assembled and repaired. The modification

for the removeable electrode worked very well and made that -

area of testing go smoothly.

Based on the experience gained from this study and some L
exploration with other manufacturing techniques, the nickel

substrates used for the electrodes could have been much

thinner and lighter without sacrificing any performance L
(27). Even though the heavier design added to the weight -

and internal resistance of the batteries, it helped to

dissipate heat and resist internal pressure distortions of

the substrates. It was also considerably easier to

manufacture the heavier nickel plates using conventional

milling techniques.
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Stainless steel compression end plates, nuts and bolts,

and impregnation mounting plates were used to resist the

caustic effects of the KOH electrolyte. In a few cases the

KOH broke through the passivation or protective layer of the

stainless steel and caused iron contamination of impregna-

tion baths or electrolyte. To prevent this contamination,

the stainless steel parts were replaced frequently and

watched carefully during their use.

The cell design required that the electrolyte be intro-

duced into the battery cells through 0.025 inch diameter

holes drilled through the cell walls. Electrolyte was in-

troduced by vacuum filling and with hypodermic needles.

While this method was functionally acceptable, the holes

should have been a little larger to facilitate filling.

Considerable difficulties with the cell seals required more

use of the fill holes than originally expected and larger

holes (0.03-0.04 inch) would have been better.

The actual weight of the test batteries was between

three and four pounds. Equivalent weights of under a third

of a pound were used based on previous study efforts ex-

plained in Chapter 3 and shown in Appendix F.

Electrodes. The electrodes for this study were made by

using patented and established procedures (25,26,27). How- L-.
ever, due to the requirement for bipolar electrodes, some of

the procedures had to be modified. As explained earlier in

Chapter 3, the sintering process used for this study worked

well. Initially, nickel electrodes were failing during
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impregnation because the sinter was separating from the

nickel substrate (28). It was discovered that the impregna-

tion of nickel into the sinter caused the plaque to expand

against the nickel substrate walls. This mechanical stress

was alleviated by cutting a growth ring around the outside

diameter of the sinter.

The major problem in the manufacturing of the electrodes

was the inconsistent impregnation process. Approximately

half of the impregnation attempts ended in too little or too

much active material in the electrode plaque. The patented

impregnation processes were optimized for two-sided elec-

trode impregnations without the extraneous surfaces in the

bath like the special mounts used in this study. The cur-

rent levels, bath temperature, pH, and time intervals re-

quired for correct impregnations were therefore not opti-

mized for this study. Most of the successful electrodes

were those that were continuously monitored during impregna-

tion. The process was so inconsistent that repeating a

sucessful impregnation technique did not insure success the

next time. Other problems, such as contaminated baths

caused by eroded acid pumps or iron from stainless steel

corrosion, were encountered throughout the study effort.

Appendix I lists the individual battery electrodes with

their ampere-hour capacities. Most of the electrodes had a

considerably lower a-h capacity than what is normally expec-

"- ted from the patented processes used for electrode ianufac-

ture. This was primarily attributed to the one-sided
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instead of two-sided impregnation procedure. The nickel hy-

droxide electrodes were impregnated with about 1 gram of

active material per cubic centimeter (cc) of void volume

instead of the expected 1.6 grams per cc. These low a-h

capacities limited battery performance, but were not detri-

mental to the evaluation of the batteries for this study.

The formation process used on the nickel electrodes

after impregnation was the cause of one test battery fail-

ure. During the study effort, the charge and discharge

labels were inadvertently switched on the formation appara-

tus. As a consequence, fully charged nickel electrodes were

assembled into battery #0 instead of fully discharged elec-

trodes. This error led to a severe overcharge of the nickel

electrodes in the battery which caused them to shed active

material from the electrode surface and short the battery.

To minimize nickel electrode overcharging and shedding in

the other batteries, the individual cell voltages were

checked more often and balanced by discharging when re- -

quired. All other nickel electrodes were also resubjected

to the formation process a second time to insure they were

fully discharged before being assembled into a test battery.

Seal. An effective seal was made which minimized

leakage, however the classical bipolar battery seal problem

needs further work. Originally, the test bipolar batteries

were designed to be sealed cell batteries. Preliminary

testing with a two cell battery was promising. The battery

was filled and the fill holes plugged with Silastic brand
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RTV, a rubber cement-like substance. The battery sat un-

charged for two weeks without leaking. The battery was then

slowly charged and discharged for almost a month with only

minor leakage. This initial optimism was soon dashed when N.-

the first four cell test battery was tested and began to

leak when charged and discharged. The cause of the leakage

was identified to be internal pressure build-up resulting

from gasses generated during overcharging. To relieve the

pressure, in lieu of using pressure valves, the fill holes

were left unplugged to vent the gasses. The remaining bipo-

lar test batteries were left unsealed and the leakage was

minimized.

The compression plates were held together with 16 nuts

and bolts tightened to 60 inch-pounds (in-lbs) of torque.

Initially, the compression on the batteries was checked

every day and torqued as required to maintain the 60 in-lbs.

After the first battery was taken apart, it was discovered

that the repeated torquing was causing the electrodes' edges

to eventually cut through the Teflon insulators/seals.

While the "cold flow" property of the Teflon reduced with

subsequent compressions, it was still continuous. It was

decided that the repeated torquing of the batteries was not

preventing leakage and could cause short circuits. There-

fore, the batteries were only torqued tightly during initial

assembly.

Numerous ideas to improve the electrolyte seal were

tried over the course of three months. One idea implemented
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was the grooving of the outside diameter of the nickel

slugs. This seemed to reduce leakage but could not fully

stop the ubiquitous KOH solution. Polyurethane, instead of

Teflon, was tried for the seal material. Initial tests were

successful but the electrolyte eventually corroded the poly-

urethane seals.

The batteries were designed to be assembled dry and then

filled with electrolyte. When initial test batteries were

disassembled it was discovered that some cells were electro-

lyte starved or nearly dry. Assembly with the electrodes

and separators soaked with electrolyte was then tried, but

the seals would not hold as well because the electrolyte had

established a path past the seal prior to compression. A

battery electrolyte capacity check was performed and it was

discovered that the electrolyte volume did not increase ,

using wet assembly over dry assembly. Therefore, dry assem-

bly was used therafter. In retrospect, more open volume

should have been left between the cells for electrolyte.

This might have improved battery performance, but probably

would have aggravated the leakage problem.

In summary, effective seals were accomplished using

Teflon as long as the fill holes were unplugged to vent

internal cell gasses. Periodic refills were required to

keep the battery cells full of electrolyte and to compensate

for the minor leakage and overflow from the fill holes.
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Test Network

Automation of the circuit used for endurance testing was

accomplished to minimize operator interface and to maintain -P

critical battery parameters near predetermined test values.

Both positive and negative attributes of this process are

discussed in the next few paragraphs.

Operator Interface. Since portions of endurance test-

ing spanned several days, automation of the test circuit was

required to verify that operating parameters were maintained

and to eliminate the need for a manned test station. Once

the computer program was initialized, no operator interven-

tion was required, except to terminate the test as desired.

Another aspect of minimal operator interface was the reduc- .

tion in error due to the operator's adjustment of test

equipment both prior to and during testing. By using the

automated network, the computer adjusted all the equipment

identically between test segments.

Data Collection. Through the use of the automated

network, data collection was performed at predetermined time

intervals as needed and stored on tape for later use.

Circuit Control. The computer was able to measure,

store, and analyze data in seconds. This capability enabled

it to make required test equipment adjustments more quickly

than a human operator could. The use of the automated

network in controlling the test equipment also minimized

error due to incorrect calibration by using iterative sam-

pling and adjusting of test equipment to obtain desired
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. ,operating values. This automatic adjustment reduced the

required number of highly calibrated devices.

Program Structure. The program was written to be user

friendly. The operator was prompted to enter required data,

eliminating the need for the operator to know how the pro-

gram ran in order to use it. The program was written using

subroutines (smaller, relocatable programs) which allowed ,

the user to customize it by adding and/or eliminating seg-

ments as needed. Utility subroutines provided with the HP-

3497A Data Acquisition Unit were also used to perform repe-

titive, numerically intensive tasks, such as temperature

measurement and conversion. Use of these utility programs

reduced programming time and increased program efficiency.

Measurement Inaccuracy. Due to the slow sampling time

of the HP-3497A's internal voltmeter and the cyclic nature

of the signal under measurement, an averaging method was

used in determining the peak charge and discharge voltages

used as circuit controlling parameters. The inaccuracy .

introduced was only a few tenths of a volt and was not

critical in this particular application.

Battery Response. The response time of the battery to

changes in its charging or discharging current was not taken

into account in determining the frequency or the size of

adjustment. In effect, the battery was forced to stay

within the desired voltage limits. By not allowing the

battery to respond, the adjustments were more frequent and .

at times too large. One possible cure to this problem is to
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incorporate a time delay between adjustments. Another solu-

tion would be to base the adjustment on the magnitude of the

change between the current and preceeding battery voltage

measurements.

Acceptance Testing

Charging. All battery testing was done with the bat-

tery at a 75% state of charge. Due to the rapid cycling of

the test batteries, individual cell voltages within a bat-

tery would vary after a short time under test. Usually, one

cell would become overcharged and begin to gas and adversely

effect its nickel electrode. To prevent cell failure,

prolong battery life, and maintain the battery state of

charge, the test batteries were periodically fully dis-

I- charged and recharged. This process complicated battery L.
testing, but was a necessary procedure.

Capacity. The way a nickel-cadmium battery is charged

and discharged plays a major role in its capacity and per-

formance. Variations in charging would have introduced ano-

ther variable into the evaluation of the batteries which

could have masked changes in capacity or other critical

battery parameters. Therefore, as mentioned in Chapter 5,

all charging was accomplished using the same procedure.

Table I shows the test battery's theoretical capacities,

determined by the impregnation of electrodes, and their

measured capacities, determined by charging. The measured

capacities were disappointingly low. It is not unusual to r
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Table I

Bipolar Battery Capacities

Battery Number Theoretical Capacity Measured Capacity
Ampere-Hours Ampere-Hours

0 0.56 0.27 ,-'

1 0.53 0.34

2 0.49 0.24

3 0.53 0.21

get better than theoretical capacity out of Ni-Cd batteries

because of the theoretical model used to determine capacity.

The low capacities can be attributed to a summary of such

factors as lack of electrolyte, less than optimum impregna-

tion, cell voltage imbalances, and soft or high resistance

short circuits due to leaks or mechanical imperfections.

Another major factor that caused the low measured capa-

cities was the relatively quick charge and discharge rates

utilized in this study for battery charging. This method

was selected to accelerate the testing so that it could be

completed as planned. The lower capacities only affected

the energy density performance testing and probably expe- .

dited battery failures during high current testing due to

the high C-rate operations. Other aspects of the testing

were done at a low current rate to compensate for the low

capacities.

Internal Resistance. One of the primary purposes for

the bipolar design was to reduce the internal resistance of "
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4-. .. the battery. There were no elaborate tests to examine the

internal resistance of the test bipolar batteries. However,

an ac ohmmeter was used to measure the resistance of a test

battery as a function of its state of charge. Figure J-1

shows the internal resistance of bipolar battery #1, new and

at full capacity (0.34 a-h), during charge and discharge. .'

Figure J-2 shows battery #1 at half capacity (0.17 a-h)

after over one-half million cycles of testing. The internal

resistance increased as the state of charge decreased and as

expected, as the capacity of the battery decreased.

The relatively high resistance of the test batteries was

attributed to the operation of the batteries in a starved

electrolyte mode. It was not possible to keep the cells

flooded with electrolyte because the design did not allow

for much electrolyte and the vented cells leaked.

Performance Testing

Bipolar test batteries #0 and #1 were used exclusively

for performance testing, but performance data from batteries

#2 and #3 was also obtained. Analysis of the data from

batteries #0 and #1 led to the selection of a current rate,

minimum discharge voltage and cycle rate for endurance test-

ing of batteries #2 and #3.

Current Load. Bipolar battery #1, with a measured V

capacity of 0.34 a-h, was operated at 10 to 100 times its C-

rate (3-28.5 amps). With an equivalent weight of 0.31

pounds, the energy density supplied by battery #1 is shown r
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in Figure 6-1. If the energy density was calculated as was

done in the study by Cimino and Gearing (i.e. neglecting the

inter-cell connector weights) the values would be about

double those shown (5:37). An energy density of nearly 75

joules per pound at a rate of one cycle per second was

achieved during the cycle rate testing. Figures 6-2 through

6-5 give current load testing results. As expected, the

battery temperature increased as the current increased.

Efficiency fell below 80% for battery currents at or above 5

amperes. Load capacitance leveled at about 6 farads, while

pulse capacitance held around 3 farads at currents above 20

amperes. Average discharge voltage fell to below 5 volts at

currents above 3 amperes. There were no failures exper-

ienced while testing battery #1 in this phase. Additional

- - performance test data is given in Appendix K.

Cycle Rate. The capacitance and efficiency of battery

#1 as a function of cycle rate are shown in Figures K-1 and

K-2, respectively. At a current of 5 amperes and cycle

rates of 1 to 5 Hertz, the efficiency remained stable at

around 90%. At a current of 10 amperes and cycle rate of 50

Hertz, the efficiency dropped off dramatically to nearly L

50%. Data collection at the 25 and 50 hertz rates was very

difficult because the chart recorder's highest speed was too

slow to accurately record the data at these cycle rates.

Capacitance fell, as expected, when the cycle rate was in-

creased. At a battery current of 10 amperes and cycle rates

* of 10 and 25 Hertz, the pulse and load capacitance were
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almost the same. Temperature did not appear to increase at

higher cycle rates and remained more a function of the

current.

End of Discharge Voltage. It had been suggested by

Cimino and Gearing (5:36) that the end of discharge voltage

might be a major determining factor of the efficiency and

average capacitance exhibited by a Ni-Cd battery. Figure

K-3 and K-4 show the load capacitance and efficiency as a

function of the end of discharge voltage for Battery #2 at a

battery current of 4.7 amperes and a cycle rate of 5 Hertz.

Neither capacitance nor efficiency seemed to vary directly-

with the end of discharge voltage when varied from 3.7 to

4.6 volts at the above current and cycle rate. However, as

the capacity of the battery decreased, the end of discharge

voltage dropped. Changes in the charging current affected

the battery end of discharge voltage more quickly when the

battery capacity or state of charge decreased or individual

cell voltages became unbalanced. Therefore, it was decided

that the end of discharge voltage of a new battery would be

maintained by the control network. This end of discharge

voltage was determined as an average of the first three

minutes of operation in lieu of any optimum voltage that was

originally sought.

Based on the results from performance testing, two bat-

teries were endurance tested at a state of charge of 75% and

with the previously explained end of discharge voltage as

the controlling voltage. Cycle rates of 5 and 10 hertz were
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selected for comparison to past studies and because the

batteries seemed to operate well as capacitive filters at

these rates. A battery current of 3 amperes, or about a 10

C-rate, was chosen to keep the efficiency high and to pro-

long the life of the test batteries.

Endurance Testing

Cycle Life. Battery #3 failed after 1.6 million cy-

cles. It had operated normally until the failure with no

degradation in measured capacity. The average efficiency

was 79% and an average load capacitance of 0.94 farads.

Both efficiency and capacitance dropped dramatically as the

battery developed an internal short. The failure of this

battery negated the attempt to run a test bipolar battery

for over a billion cycles. However, life cycle data for

battery #2 was tracked along with that of the removeable

cadmium electrode from battery #2. This data is presented

in Figure 6-6. The overall measured capacity of battery #2

dropped significantly, but the capacity of battery #3, be-

fore the failure, and the removeable cadmium electrode re-

mained constant. The average load capacitance of battery #2

varied between 0.6 and 1.5 farads and tended to be more a

function of the state of charge and individual cell voltage

balance of the battery rather than the cycle life. The

efficiency of battery #2 varied between 87% and 93%. It

also varied as a function of the battery's run-time since

the last complete balancing discharge and charge of the
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battery. The more recent the charge, the more efficiently

the battery operated.

Battery #3 was examined after its failure. The cadmium

electrode in cell #3 had developed a circular, 2 centimeter

diameter blister that had pushed outward through the separa-

tor to cause a short. A scanning electron microscope (SEM)

examination and energy dispersive X-ray analysis revealed

that the blister was mostly nickel. The fact that a cadmium

electrode had blistered and that most of the blister was

nickel was unusual. Further analysis revealed that the

blister contained about 20% cadmium in the center, but the

top and bottom contained 10% and 1% cadmium, respectively.

The rest of the blister material was mostly nickel and

nickel hydroxide. The blister was twice as thick as the

original electrode (60 mils versus 30 mils) with most of the

extra thickness occurring on the back side in the form of

nickel hydroxide. Figures L-1 and L-2 are SEM photos of

the blister. It appears that the nickel sinter in the

- failed cadmium electrode had corroded to form nickel hydro-

xide. The release of gaseous oxygen during cell overcharge

was the probable cause of the sinter corrosion and formation

of the blister.

Cadmium Electrode Study. Bipolar test battery #2 was

cycled over ten million times at a 5 hertz rate. A battery -

current of 3 amperes was utilized to cycle the removeable

cadmium electrode resulting in a 5 C-rate based on its

"-- measured capacity of 0.62 a-h. Even though about 9% of the
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electrode was removed for analysis over the life of the

test, the measured capacity of the electrode remained un-

changed. Figures 6-7 through 6-9 are SEM photographs of the

interior of the cadmium electrode before testing, after 103

cycles, and after 107 cycles. The initially large, impreg-

nated cadmium hydroxide crystals were quickly broken down

into smaller, more chemically active crystals. As the test

progressed, isolated crystals of electrically insulating

Beta Cd(OH)2 were formed within the electrode plaque (19).

These Beta crystals are normal for cycled cadmium electrodes

and indicate a reduction in the active cadmium available to

provide electrochemical energy. The surface of the elec-

trode remained clear and there were no signs of any sinter

corrosion as illustrated in Figure L-3 through Figure L-6.

Battery #2 stopped working correctly after surpassing 10

million cycles and two months of testing. Its demise marked

the failure of the last of the four experimental bipolar

batteries. An examination of the electrodes of battery #2

revealed that one nickel electrode had formed a commonly

seen blister and one cadmium electrode had formed a small

blister similar to the one observed in battery #3. Another

cell had a significant amount of cadmium migration through-

out the separator and was extensively "soft-shorted." Two

of the cells were dry and obviously electrolyte starved.

The observed cell failure mechanisms were all normal failure

modes, with the exception of the cadmium blister, and typi-

cal of what would be seen in a failed Ni-Cd battery that had
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Figure 6-7. Cadmium Electrode Interior Before Cycling

*Figure 6-8. Cadmium Electrode Interior After Ten Thousand
Cycles
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Fgr6. Cadmiu El:
Figure 6-9. Cadmium Electrode Interior After Ten Million ' -~~Cycles /

undergone slow cycling rates.

The final chapter of this report presents the conclu-

sions drawn from the experimental data obtained and observed

over the nine months of this study. Recommendations are

made where deemed appropriate in the pursuit of further

knowledge and continued efforts in this area.
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VII. Conclusions an__ Recommendations

Conclusions

The objectives of this limited study were to design,

construct and test bipolar nickel-cadmium batteries to de- __

termine their suitability for use as relatively high fre-

quency, pulsed load filter elements. One application could

be their use in spacecraft pulsed power systems, replacing

relatively heavier capacitors. The objectives were met.

Four bipolar batteries were designed, constructed, and

tested with the help of a computer controlled test network.

Battery performance parameters to include energy density,

efficiency, average capacitance, and capacity versus cycle

life were obtained. A cadmium electrode was closley studied

to determine the effects of this type of utilization on the

structure of the electrode.

The following specific conclusions were made as a result

of this study effort:L

1. A functional bipolar Ni-Cd battery was designed and

built. Total battery weight could be reduced with

modern manufacturing techniques. Electrode manufac-

turing was inconsistent. Patented electrode manufac-

turing techniques utilized were not optimized for bipo-

lar electrodes. An effective, open-cell seal was made,

but no sealing method was found that would allow peri-

odic assembly and disassembly without some leakage.
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2. A Hewlett Packard HP-85A computer and HP-3497A

Data Acquisition and Control System were successfully

used to automatically control, monitor, and evaluate

the test batteries. A computer program requiring mini-

mal operator interface was highly successful.

3. A battery energy density of almost 75 joules per

pound of equivalent battery weight was demonstrated.

Test batteries were cycled at up to a 100 C-rate. An

average capacitance of 6 Farads was achieved with one

battery.

4. Battery charge and discharge cycle rates of 1 to 50

Hertz were investigated. Useful capacitance at 25

Hertz and above was less than 0.7 farads.

5. The end of discharge voltage was found not to be a

major factor in the battery efficiency and capacitance.

Rather, it was seen as an indication of the capacity

and state of charge of the battery.

6. One battery was cycled over 10 million times as

part of life cycle testing. Two cadmium electrodes

developed blisters, a rare Ni-Cd battery failure mecha-

nism. Nickel sinter corrosion, forming nickel hydro-

xide appeared to be the cause. The limiting battery

failure mode experienced was the imbalance of the indi-

vidual battery cells which caused overcharging of the

nickel electrodes. This overcharging caused shedding

of nickel hydroxide from the nickel electrode. Peri-

odic full battery discharge and recharge were required
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to prolong useful battery life and negate the more

frequent occurrence of this common Ni-Cd battery prob-

lem.

7. A scanning electron microscope examination of a

cycled cadmium electrode showed no unusual structure

changes. An electrode cycled 10 million times had lost

no capacity. The cadmium electrode itself was not seen

as a limiting factor for a bipolar Ni-Cd battery uti-

lized as a pulsed load filter element.

• /Recommendations

Rapid charge and discharge of bipolar Ni-Cd batteries is

possible for extended periods of operation at a low depth of

discharge. In this study, limitations in battery manufac-

ture and mechanics overshadowed limitations in battery per-

formance. Relatively high energy density and average capa-

citance with extended cycle lives indicate possible promise

for bipolar Ni-Cd batteries as pulsed load filters. How- "

ever, further study and testing should be accomplished be-

fore any large scale research is conducted.

t The following specific recommendations are offered to

further explore this idea:

1. Investigate Ni-Cd battery electrode impregnation

processes to optimize procedures for bipolar electrode

manufacturing.

2. Utilize better design and construction methods to

make a bipolar Ni-Cd battery that is lighter, contains

72
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.' ample electrolyte, and does not leak.

cation of a Ni-Cd battery on the nickel electrode.

Concentrate on efforts to avoid overcharge and the

shedding of active material from the electrode surface.

4. Explore the possibility that nickel sinter corro-

sion is accelerated when Ni-Cd batteries are used as

pulsed load filters.
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Appendix A. Capacitance From Voltage Waveform .

Figure A-i illustrates how pulse and load capacitance "".

were calculated. Load capacitance was based on the change

in voltage from the knee of the voltage waveform to the end

of discharge. Pulse capacitance was based on the initial

slope of the voltage waveform at the knee.
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Appendix B. Battey Parameter Sample Calculations

1. Depth of Discharge (DOD in %) = (Ib x Time x 100)/Capacity

I= Discharge current through the battery (eg. 3 amperes)

Time = Discharge time in hours based on cycle rate

(eg. 5 Hz yeilds .1 sec x (1 hour/3600 sec))

Capacity = Measured capacity of test bipolar battery
before cycling (eg. 0.34 amperes)

DOD (%) (3 x 2.78 x 10- 5 x 100)/0.34 = 0.0245 %

2. Energy Density (ED in joules/pound)

(E x Ib x Time)/Weight

E = Average Discharge voltage (eg. 5.4 volts)

= Discharge current through battery (eg. 3 amperes)

Time = 5 Hertz yields a discharge time (eg. 0.1 sec)

Weight = Equivalent weight of the battery (eg. 0.32 pound)

ED = (5.4 x 3 x .1)/.32 = 5.1 joules/pound

3. Efficiency (%) = (Vb out x Ib out x 100)/(Vb in X Ib in)

Vb out = Average battery discharge voltage (eg. 5.4 volts)

Ib out = Battery discharge current (eg. 3 amperes)

Vb in = Average battery charge voltage (eg. 5.7 volts)

Ib in = Battery charge current (eg. 3.1 amperes)Ib ,in

* Efficiency- (5.4 x 3 x 100)/(5.7 x 3.1) = 92%
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4. Average Capacitance (C in farads) =Ib/(dV/dT)

Ib = Battery discharge current (eg. 3 amperes)

:, dV/dT = Change in battery discharge voltage over a time

interval during the discharge of the battery

(eg. 4 volts/sec),

C = (3/4) = 0.75 farads
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Appendix C. Battery Components

The drawings in this appendix provide physical specifi-

cations of the battery components used in the construction

of bipolar batteries.

Ir
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Appendix D. Electrode Sintering Checklist

1. Knock off or file any metal burrs.

2. Acid etch slug for a few minutes until it just starts to

speckle. Rinse with distilled water and dry thoroughly.

3. Weigh accurately.

4. Fill one side of the slug cavity with type 287 Mond

brand nickel powder, 200 mesh sift, and smooth with a glass

rod. Make a growth groove in the powder around the outside

with a knife.

5. Place the slug in a 6 inch Lindberg tube furnace (9400

watt) on a quartz glass plate and slide it to the middle of

the tube. Preheat the oven to 500 degrees C with a 5%

hydrogen and 95% nitrogen gas flow. Turn oven up to 980

degrees C and sinter slug for 8 to 12 minutes after reaching

the set temperature(8 minutes if the first side of a double-

sided slug). Turn oven and hydrogen off. Leave the nitro-

gen on, slide the slug to the end of the tube, open the oven

door, and let it cool to below 200 degrees C before re-

moving.

6. Weigh accurately.

7. Test porosity of the sinter by dropping distilled water

drops on it. This sintering process normal yields 82%

porous plaque. Inspect carefully for any blisters, bubbles,

cracks, or looseness.

8. Repeat 4-7 for the other side of a double-sided slug.

Cook for 10 to 12 minutes.
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9. Use the double-cooked side for the cadmium electrode if

possible because nickel stresses the sinter more during

impregnation. 

Z:

10. Weigh accurately. Slugs averaged 2.5 grams of powder

per electrode.
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Appendix E. Electrode Impregnation Checklist

Cadmium Impregnation

1. The theoretical capacity for a cadmium electrode is 0.366

a-h per gram of cadmium impregnated into nickel sinter.

2. Make a solution of 2 molar Cd(NO3 )2. Two times the

atomic weight of Cd(N03)2 in grams (472g) mixed with 1 liter

of water makes a 2 gram mole of solution.

3. Heat the cadmium nitrate solution to 800 C while con-

tinuously stirring. Maintain a pH of 3.5 with a 7.5 molar

nitric acid drip.

4. Mount the cadmium electrode (to cover the nickel side) or LI

cover an end plate backside with RTV. This insures that

current passes through the sintered plaque only. See

Figure E-2 for drawings of the impregnation mounts.L

5. Place a cadmium metal plate along with the slug to be

impregnated into the solution. Run a 0.5 ampere current

(0.1 ampere per square inch of sinter surface) through the

circuit for 4 hours. Run the current with the slug at the

negative lead for 50 seconds then reverse leads and run for

10 seconds. See Figure E-1 for a schematic of the impregna-

tion apparatus.

6. After the impregnation, rinse the slug in distilled

water, stir bath for a few hours to remove any solution left

in the plaque.

7. Take the slug out of the mount and dry it in a vacuum

-- oven for a few hours and then clean off deposited materials
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... outside the sintered area of the electrode.

8. Weigh the electrode accurately. The increased weight is

the amount of cadmium impregnated and is used to figure a

theoretical cadipium electrode capacity.

Nickel Impregnation

1. Make a solution of 1.8 molar nickel nitrate and 0.2 molar

cobalt nitrate by mixing 523.4 grams (1.8 x 290.8) of nickel

nitrate and 58.21 grams (0.2 x 291.05) of cobalt nitrate

into 1 liter of distilled water.

2. Heat the solution to 80 degrees C, continuously stir, and

maintain a pH of 3.5 with a nitric acid drip.

3. Mount the slug if required or cover its back with RTV.

4. Place a nickel plate and the electrode slug into the

bath. Run a 0.875 ampere (0.175 ampere per square inch)

current through the solution for 4 hours.

5. Take out the electrode, rinse quickly in distilled water

to remove debris and place in a KOH formation bath with

another nickel plate. Cycle 0.5 amperes (0.1 ampere per

square inch) of current through the bath and plates, revers-

ing the current every 20 minutes for at least 5 cycles.

Take the electrode out fully discharged.

6. Rinse the electrode in a stir bath of distilled water a

few hours to remove excess nitrates and KOH.

7. Dry the electrode in a vacuum oven at 50 degrees C for a

few hours.
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B. Clean off any excess deposits of nickel hydroxide and

weigh it accurately. The increase in weight is used to

figure the nickel hydroxide electrode capacity (0.289 a-h

per gram).

89



04
Laa

I- 

go

h4J

LI

_ _ 4
Fit._ __ 4

UJU

wr -1 -riV

90

. . . .. . . . .



Lai,

Lai cc
Ia-i

ca _

tJ4J

u.w

0 UU.0,

.

-0 .!. .0

0 0

0g. 0
00~~ 0 0

L&91



-i 'IM M 61 W N M

Appendix F. Battery Equivalent Weights

1. Electrode weight was considered 57.9% of the total

equivalent battery weight. This was based on a standard

aircraft Ni-Cd battery (4,5:75).

2. The electrode wall weight between the positive and 6

negative sides was estimated using data from the Seiger

study (8:975). Using a 0.03 thick wall of nickel, the

weight of each wall was approximated to be 8.3 grams. This

value was used because it was achievable and closer to that

which would be used in commercial manufacturing to minimize

battery weight.

3. Battery electrode weight calculations example:

8 x sinter weight = 20 g

Nickel impregnated = 8.3 g

Cadmium impregnated = 13.5 g

5 x intercell wall = 41.5 g

Total electrode weight (ELW) = 83.3 g

Total equivalent weight = 0.32 pounds

Equivalent Weight = (ELW (g)/0.579) x (1 lb/453.6 (g))

4. The four test battery equivalent weights are listed be-

low:

Battery Weight in pounds

0 0.31
1 0.32

-2 0.28
3 0.30

92



* 5. Assuming 821 porosity of the sinter, the void volume

available in the sintered slugs for impregnation was 1.98

cubic centemeters (cc). A figure of merit for the impregna-

tion process is to typically get 1.6 to 1.7 grams per cc of

nickel impregnated. The process in this study averaged

I around 1 gram per cc.

Void volume =Volume of sinter x 0.82

Grams per cc of void volume =grams impregnated/void volume
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Appendix G. Equipment

This appendix contains an equipment list, calibration

log, and apparatus pictures.
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Equipment List

CONDITIONING and CHARGING

HP-6263 DC Power Supply (2 each)
HP-7132A 2-Channel Chart Recorder

Timer/Relay Unit
173A Keithley Multimeter
HP-4328A Mi li-ohmmeter

PERFORMANCE

HP-85A Computer
HP-3497A Data Acquisition/Control Unit
HP-6012A DC Power Supply
HP-3314A Function Generator
DLP-50-60-1000 Solid State Load Controller

25 amp - 50 my Current Shunts (2 each)
50 amp - 50 my Current Shunts

HP-1201A Dual Trace Oscilloscope
173A Keithley Multimeter
HP-7418A 8-Channel Recorder

ENDURANCE

1. REMOVEABLE CADMIUM ELECTRODE STUDY

Same as Performance.

2. LONG TERM

HP-9915 Computer
HP-3497A Data Acquisition/Control Unit
HP-6012A DC Power Supply
HP-3314A Function Generator
DLP-50-60-1000 Solid State Load Controller

25 amp - 50 mv Current Shunts (2 each)
50 amp - 50 my Current Shunts

HP-1201A Dual Trace Oscilloscope
173A Keithley Multimeter
HP-7418A 8-Channel Recorder .
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Equipment Calibration L >

4 26 June 1985

0830 HP-7418A channels 5-8 calibrated

5- 50.5V/Div; 0.2 V/Div; 0-6 Volts
6 - 2.0 mV/Div; 5.0 mV/Div
7 - 1000 uV/Div; 2000 uV/Div
B - 1000 uV/Div; 2000 uV/Div

0900 All remaining equipment checked for valid
calibration

28 August 1985

1100 HP-7418A channels 1-4 calibrated

* 1 - 2.OV/Div; 0-6 Volts .

2 - 0.005 V/Div; 0.01 V/Div; 0-6 Volts
3 - 0.005 V/Div; 0.01 V/Div; 0-6 Volts
4 - 0.005 V/Div; 0.01 V/Div; 0-6 Volts

W7'
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Appendix H. Computer Program

Due to existing governmental regulations, the computer

program is not contained within this report. Copies may be

obtained from the Power Technology Branch, Aero Propulsion

Laboratory, Air Force Wright Aeronautical Laboratory, or the

Air Force Institute of Technology, Wright-Patterson AFB,

Ohio.

Figures H-i and H-2 illustrate the logic behind the

computer program used to control battery end of discharge

voltage.
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* Appendix 1. Electrode Sp2ecifications

This appendix provides detailed impregnation data for

all of the battery electrodes in tabular form.
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Table II

Electrode Specifications

Battery Slug Type Grams Impregnated Capacity
# (C=Cadmium) (Amp-Hour)

(N=Nickel)

0 1 C 3.1 1.13
2 14 2.7 0.78

C 2.4 0.88
3 14 2.4 0.68

C 1.9 0.70
4 14 2.4 0.69

C 2.4 0.89
5 N 1.9 0.56

1 N 2.1 0.61
2 C 4.8 1.80

N 1.8 0.53
3 C 3.1 1.10

N 2.2 0.64
4 C 3.3 1.20

N 2.1 0.61
5 C 2.4 0.87

2 1 N 1.9 0.55
2 C 3.6 1.30

N 1.7 0.50
3 C 2.4 0.89

N 1.7 0.50
4 C 2.1 0.77

N 1.7 0.49
5 C 2.7 0.97

3 1 C 1.9 0.68
2 N 2.0 0.57

C 2.1 0.78
3 N 3.0 1.10

C 2.4 0.87
4 N 1.8 0.53

C 2.3 0.85IL
5 N 2.0 0.58
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Appendix J. Internal Resistance

IFigures J-1 and J-2 illustrate the change in the inter-
nal resistance of battery #1 as it was charged and dis-

charged.
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Appendix K. Performance 

Data

The graphs in this appendix present additional perfor-

mance test data.
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Appendix L. Scanning Electron Microscope Photographs

The photographs in this appendix illustrate various

changes in the cadmium electrode morphology resulting from

battery testing.
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Figure L-l. Cadmium Electrode Blister SiTop View
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Figure L-3. Cadmium Electrode Surface Before Cycling

.:-

"71 r
Figure L-4. Cadmium Electrode Surface After Ten Million

Cycles
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Figure L-5. Cadmium Electrode Back Before Cycling

Figure L-6. Cadmium Electrode Back After Ten Million
Cycles
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